Tomato black ring virus (TBRV) is the only member of the Nepovirus genus that is known to form defective RNA particles (D RNAs) during replication. Here, de novo generation of D RNAs was observed during prolonged passages of TBRV isolates originated from Solanum lycopersicum and Lactuca sativa in Chenopodium quinoa plants. D RNAs of about 500 nt derived by a single deletion in the RNA1 molecule and contained a portion of the 5' untranslated region and viral replicase, and almost the entire 3' non-coding region. Short regions of sequence complementarity were found at the 5' and 3' junction borders, which can facilitate formation of the D RNAs. Moreover, in this study we analyzed the effects of D RNAs on TBRV replication and symptoms development of infected plants. C. quinoa, S. lycopersicum, Nicotiana tabacum, and L. sativa were infected with the original TBRV isolates (TBRV-D RNA) and those containing additional D RNA particles (TBRV+D RNA). The viral accumulation in particular hosts was measured up to 28 days post inoculation by RT-qPCR. Statistical analyses revealed that D RNAs interfere with TBRV replication and thus should be referred to as defective interfering particles. The magnitude of the interference effect depends on the interplay between TBRV isolate and host species.
Introduction
Tomato black ring virus (TBRV) is the type member of Nepovirus genus within the family Secoviridae. Taking into account the differences in the length of RNA2, the degree of sequence identity and serological properties, nepoviruses were classified into three groups: A, B and C (Steinkellner et al., 1992; Sanfaçon, 2009 ). TBRV belongs to subgroup B and infects a wide range of economically important plants worldwide. Since 1957, there have been reports of significant damage caused by TBRV infection to several important hosts other than tomato: strawberry, potato, celery, and artichoke (Hollings, 1965; Gallitelli et al., 2004) .
TBRV is transmitted mechanically with plant sap, soil-inhabiting nematodes of Longidorus genus and through the seeds of some plant species (Harrison et al., 1961; Lister and Murant, 1964) . The viral genome consists of two single-stranded RNAs of about 7400 nt and 4600 nt in length, respectively, carrying a small covalently attached VPg protein at 5' ends and a poly(A) tail at their 3' ends. Each genomic RNA encodes for a polyprotein, which are proteolytically cleaved into mature functional proteins by the RNA1-encoded protease. RNA1 is responsible for viral replication and polyprotein processing, while RNA2 encodes genes necessary for encapsidation and movement in plants (Mayo and Robinson, 1996; .
TBRV infection can be accompanied by subviral particles such as satellite RNAs (satRNAs) and defective RNAs (D RNAs). SatRNAs share little sequence similarity with the viral genomic RNAs, whereas D RNAs are derived from the viral genomic RNAs via a copy choice mechanism resulting in sequence deletion(s). These RNAs are called "defective" since they do not encode any proteins, and their replication, encapsidation and spread depend on the parental (helper) virus (Holland, 1991) . D RNAs are synthesized by the viral RNA-dependent RNA polymerase (RdRp), which also replicates the parental virus genomes. D RNAs are often generated de novo during serial passages of viral isolates in one host (Perrault, 1981 (Romero et al., 1993; Graves et al., 1996; Hernández et al., 1996; Qiu and Scholthof, 2001 ; Pathak and Nagy, 2009) . RNA recombination plays a major role in the production of D RNA particles. The errors made by the RdRp, including template switching, are likely the main mechanism of D RNAs formation. Additionally, highly active "hotspot regions" for RNA recombination, which might promote the formation of D RNAs, very often consist of AU-rich stretches (Kim and Kao, 2001) . Pausing of the viral RdRp may be also mediated by the sequence and/or secondary structure of the donor or nascent RNA (Nagy and Simon, 1997) . D RNAs can modulate helper virus accumulation, symptoms observed in infected plants and even virus evolution (Holland et al., 1987; Li et al., 1989; Romero et al., 1993; Pathak and Nagy, 2009 ). D RNAs, which are referred to interfere with the multiplication of their helper viruses, are called "defective interfering RNAs" (DI RNAs).
De novo generation of D RNAs was previously demonstrated during serial passages of chosen TBRV isolates from black locust, black elder, tomato, and zucchini. D RNAs of about 400 -500 nt in length derived from TBRV RNA1 were classified into two types according to their molecular structure. The first type containing a part of the 5' untranslated region (UTR), In this work, we report the molecular characterization of de novo generated D RNAs of two new TBRV isolates originated from tomato (Solanum lycopersicum L. cv.
Moneymaker; Solanaceae family) and lettuce (Lactuca sativa L.; Asteraceae family).
Moreover, we analyze the impact of D RNAs on the replication of the helper virus, and the symptoms induced on the infected plants, showing that these D RNAs are, indeed, DI RNAs.
Materials and methods

TBRV isolates, plant inoculations and growing conditions
Two TBRV isolates were used to perform the experiments. The first, designated as TBRV-Pi was obtained from a greenhouse tomato, while the second (TBRV-S1) was isolated from a lettuce. The isolates were transferred by mechanical inoculation and maintained in Chenopodium quinoa Willd. (Amaranthaceae family). Plants were grown under greenhouse conditions at a temperature of 22 -23°C and a photoperiod of 16 h. Purified virus preparations were obtained in sucrose gradient as described previously (Rymelska et al., 2013) . Viral RNAs were extracted by a phenol-chloroform procedure (Green and Sambrook, 2012 ) and the RNAs profile was analyzed by agarose gel electrophoresis. The concentration of each RNA sample was measured in a ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington DE, USA) and adjusted to 1 µg/µl.
Virus passages
The long-term passing of TBRV-Pi and TBRV-S1 was performed in C. quinoa. Viral RNAs at a final concentration of ca. 1 µg/µl were inoculated onto Carborundum-dusted leaves of C. quinoa in the approximate amount of 3.3 µl per leaf. Infected plants were maintained under greenhouse conditions for 7 days post-inoculation (dpi). The initial virus population derived from infected plants was transferred to virus-free plants of the same species and passaged 15 times over a total period of 105 -110 days. After each passage of 7 dpi, the whole plants were collected, their tissues were ground in 2 ml of phosphate buffer (0.05 M, pH 7.2), and the resulting sap was used for mechanically inoculating new plants. After 15 passages, purified viral preparations were obtained, and RNA was isolated using the phenol-chloroform procedure. The RNA profile was analyzed in 1.5 % agarose gel.
Amplification, cloning and sequencing of short RNAs
All molecules shorter than TBRV-genomic RNAs were extracted from the gel and purified 
Impact of D RNAs on symptoms development and accumulation of the viral RNA
To determine the impact of D RNAs on symptoms development the RNA isolated from original TBRV isolates, which did not posses any additional RNA particles (TBRV-Pi-D RNA and TBRV-S1-D RNA) was mixed in different combinations ( The model assumed normally distributed errors and a link function (choice based in the lowest BIC among alternative models tested). The significance of each factor, the covariable and all of their interactions was evaluated by means of likelihood-ratio tests (LRT) that asymptotically follow a c 2 probability distribution. A factor may be significant but still have very little effect in explaining the observations. Therefore, it is important to quantify the contribution of each factor to the predictive power of a model. To achieve this, the magnitude of the effects associated to each factor were evaluated using two different statistics, the / 0 statistic that represents the proportion of total variability attributable to a given factor when controlling for the other effects ( / 0 < 0.05 are considered as small and / 0 ≥ 0.15 as large), and the percentage of total variance explained by each of the factors. All statistical analyses were performed with SPSS version 23 software (IBM, Armonk NY, USA).
Results
Spontaneous generation of TBRV D RNAs
The RNA analysis of TBRV-Pi and TBRV-S1 isolates originated from tomato and lettuce, respectively revealed the presence of two typical TBRV RNAs: RNA1 (7400 nt) and RNA2
(4600 nt). No additional bands on the agarose gel were observed (Fig. 1) . 
Structure and origin of D RNAs
The recombination analysis revealed that both D RNAs derived from the TBRV RNA1 as a result of single deletion between 147 -6862 nt (positions refer to TBRV-Pi accession number MG458220). De novo formed D RNAs of TBRV-S1 and TBRV-Pi shared the characteristic of the previously-described second type of TBRV D RNAs: a small fragment of 5' UTR (20 nt), a portion of the C-terminal end of RdRp and the almost entire 3' UTR ( Fig. 2A ). Based on their structure, both D RNA particles were classified to the second type of TBRV D RNAs. D RNAs of TBRV-S1 and TBRV-Pi were very similar to each other and shared 99.1% sequence identity.
Analysis of the nucleotide sequences near junction sites suggest potential mechanisms
which may operate to generate TBRV D RNAs. The sequence motif AGAAAAG within the RdRp coding region of TBRV-S1 and TBRV-Pi is a perfect complementary inverted repeat of the 5' UTR sequence CUUUUCU (Fig. 2 B) , suggesting the formation of a hairpin structure between these two sequences. Such hairpin structure may also play a potential role during replication and recombination by pausing of the polymerase following by re-initiation of RNA synthesis and as a consequence, in D RNAs formation.
Impact of D RNAs on symptoms development
Significant differences in symptoms development were observed between plants infected with the TBRV+D RNA versus those infected with TBRV-D RNA. The presence of D RNAs decreases the symptoms severity in all TBRV/D RNAs combinations however the attenuation of symptoms was especially observed when a 1:2 ratio of TBRV/D RNAs was inoculated.
Generally, the plants infected with TBRV-Pi-D RNA displayed more severe symptoms. On C. quinoa, chlorosis, leaf malformation and growth reduction were observed. On N. tabacum, chlorotic ringspots and mosaic were noticed. On S. lycopersicum, severe necrosis was notified ( Fig. 3A, C, E) . Plants of L. sativa were reduced in growth and leaf mosaic was observed ( Fig.   3G ). When D RNAs were present, the symptoms produced by TBRV appeared one or two days later than normal. Plants infected with TBRV+D RNA were characterized by milder symptoms, single chlorotic or necrotic spots, slight ringspots and mosaics ( Fig. 3B , D, F, H).
Similar effect was observed for TBRV-S1 (data not shown), which suggests that D RNAs may interfere with the replication of the parental helper virus. The comparison between TBRV-Pi -D RNA and TBRV-S1-D RNA revealed an interesting biological difference between the isolates; TBRV-S1-D RNA systematically produced less severe symptoms on tomato. This finding is in agreement with our previous results showing that TBRV isolates originated from tomato cause severe necrosis on this host whereas isolates originated from other host species cause symptomless infection or single necrotic spots on tomato (Rymelska et al., 2013).
Virus quantification and statistical analyses
A comparison was made of the accumulation level of the two TBRV isolates in presence and absence of the D RNAs and in different plant species by RT-qPCR. Data are summarized in Fig. 4 , while Table 1 shows the results of the statistical analyses described in section 2.6. The statistical model fitted to the data contains three main factors and one covariable, their six pairwise interactions, four three-way interactions, and one four-way interaction. Such parameter-rich model requires of a careful analysis. We will describe the results shown in Table 1 simply tells that accumulation increases with time in a highly significant manner. This effect can be easily appreciated in Fig. 4 (notice the log-scale) for all curves.
The next four lines in Table 1 Fig. 4 ) and
the lowest in S. lycopersicum (blue symbols in Fig. 4 ). However, for TBRV-Pi, accumulation in L. sativa is similar to that observed in S. lycopersicum (~4·10 9 genomes) whereas TBRV-Sl accumulation in L. sativa is five time higher and closer to the values observed in N. tabacum and C. quinoa (~2·10 10 genomes). Next line in Table 1 evaluates the contribution of the presence/absence of D RNAs-by-host to accumulation, in other words whether the observed negative effect of D RNAs on TBRV accumulation (see previous paragraph) depends on the host species. The effect is statistically significant (P = 0.009, with strong power > 75%), though its contribution is small ( / 0 < 0.05 and with a very small percentage of explained variance). Next line in Table 1 tests whether the negative effect associated to the presence of D RNAs in TBRV accumulation is homogeneous with time. In other words, whether the slope of the growth curves in presence or absence of D RNAs is equal in both cases. A significant effect has been detected, indicating differences in slope. However, the effect is rather small in magnitude ( / 0 < 0.05 and very small contribution to the total variance). This small yet significant effect can be easily understood looking back to Fig. 4 . Comparing lines and symbols of equal colors, it is obvious that the presence of D RNAs in all cases shifts down the accumulation curves, although curves remain parallel, with the exception TBRV-Pi in L. sativa, where the presence of D RNAs dramatically changes the slope of the accumulation curve. This case drives the significance of this interaction. Finally, the ninth line in Table 1 evaluates whether differences exist in the slopes of accumulation curves among hosts. A highly significant effect has been observed, of large effect ( / 0 > 0.15 and up to 10.68% of variance explained by it). Again, this is obvious in Fig. 4 : comparing different curves of different color, some are flatter than others, meaning that TRBV accumulates at different rates in different hosts.
Next, we will discuss the three-way interactions. Out of the four possible cases, only two are significant. The interaction TRBV isolate-by-presence/absence of D RNAs-by-host species is perhaps the most interesting one as it provides information about the nature of this biological system. The interaction is significant (P = 0.002) and with strong power (> 75%),
indicating it is a robust conclusion. However, the magnitude of the effect is small ( tabacum (red lines and symbols), in which the effect of the D RNAs is smaller for both TBRV isolates but the shape of the curves is different. These two cases can be also compared with the situation in S. lycopersicum (blue lines and symbols), in which the negative effect of adding D RNAs is slightly larger for TBRV-Sl than for TBRV-Pi. The last line in Table 1 tests whether the previously discussed interaction TBRV isolate-by-host changes along time.
Indeed, the effect is also highly significant though of small magnitude ( / 0 < 0.05 and only 1.39% of contribution to explain the observed variance).
In conclusion, rigorous statistical analyses support the notion that the presence of D RNAs interfere with TBRV accumulation, and that this interference depends both on the viral isolate being considered and on the host species being infected. In this study, we confirmed that TBRV D RNAs might be generated spontaneously (de isolate, line 5 -TBRV-S1 after 15 passages in C. quinoa. RNA/TBRV-Pi-D RNA and TBRV-S1-D RNA/TBRV-S1+D RNA at 7, 14, 21, and 28 dpi.
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